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Abstract: Very preterm (VPT) birth (<32 weeks’ gestational age) has been implicated in social-
cognitive deficits including Theory of Mind (ToM); the ability to attribute mental states to others and
understand that those beliefs can differ from one’s own or reality. The neural bases for ToM deficits in
VPT born children have not been examined. We used magnetoencephalography (MEG) for its excellent
spatial and temporal resolution to determine the neural underpinnings of ToM in 24 VPT and 24 full-
term born (FT) children (7-13 years). VPT children performed more poorly on neuropsychological
measures of ToM but not inhibition. In the MEG task, both FT children and VPT children recruited
regions involved in false belief processing such as the rIFG (VPT: 275-350 ms, FT: 250-375 ms) and left
inferior temporal gyrus (VPT: 375-450 ms, FT: 325-375 ms) and right fusiform gyrus (VPT: 150-200
ms, FT: 175-250 ms). The rIPL (included in the temporal-parietal junction) was recruited in FT children
(475-575 ms) and the ITPJ in VPT children (500-575 ms). However, activations in all regions were
reduced in the VPT compared to the FT group. We suggest that with increasing social-cognitive
demands such as varying the type of scenarios in the standardized measure of ToM, reduced activa-
tions in the rIFG and TPJ in the VPT group may reflect the decreased performance. With access to
both spatial and temporal information, we discuss the role of domain general and specific regions of
the ToM network in both groups. Hum Brain Mapp 38:5577-5589, 2017.  © 2017 Wiley Periodicals, Inc.
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INTRODUCTION

In 2010, one in ten babies was born prematurely (<37/
40 weeks’ gestational age, GA) and 1/10 of these were
very preterm (VPT) (<32/40 weeks” GA) [Blencowe et al,,
2012]. The associated medical and neurological complica-
tions in a proportion of these children have garnered
worldwide attention from health organizations [Howson
et al., 2013]. In a recent study of 8,334 children born pre-
term [Manuck et al., 2016], 45.5% suffered from a major or
minor morbidity, yet over 50% did not have any severe
medical health concerns. However, even including those
children born VPT without serious health problems, there
is evidence for social, cognitive, and academic difficulties
[Aarnoudse-Moens et al., 2015; Anderson and Doyle, 2003;
Hille et al., 2008]. Additionally, there is a negative relation
between GA and associated difficulties, such that VPT
children present with more serious [Bhutta et al., 2002]
and persistent problems throughout development [de Kie-
viet et al., 2012; Moster et al., 2008; Nosarti et al., 2002;
Spittle et al.,, 2009; Wehrle et al., 2016] compared to full-
term (FT) born children. Ritchie et al. [2015] showed that
VPT children had poorer social competence than FT chil-
dren, leading to poor scholastic, occupational and behav-
ioral outcomes. To date, no study has directly measured
the neural bases of these difficulties in VPT children.

Social-cognitive skills allow processing information
about oneself and others during social interactions and are
required for social functioning according to Cavell’s [1990]
tri-partite model. Theory of Mind (ToM), a key social-
cognitive ability to create mental representations of
another person’s mental state is often measured using a
false belief task; a context in which a person must realize
that another individual holds a belief about the world that
is different from one’s own and reality [Ruffman, 2014].
Although some argue that ToM can be observed around
the first year of life [Onishi and Baillargeon, 2005], explicit
ToM understanding likely develops between 4 and 5 years
of age [Baron-Cohen et al., 1985; Wellman et al.,, 2001].
Increased mastery of ToM ability continues through ado-
lescence and adulthood [Blakemore, 2012; Lagattuta et al.,
2016]. Williamson and Jakobson [2014] found that VPT
children (ages 8-11 years) used fewer words denoting
thoughts, beliefs, and perspectives (such as deceiving or
cooperating) when describing socially relevant interactions
between moving shapes. Where FT children attributed and
understood certain movements to resemble social interac-
tions, VPT children did not. Therefore, it is possible that
differences in processing ToM stimuli characterize impair-
ments in social functioning in children born VPT.

Numerous studies report that a ToM network is acti-
vated during the process of making theories about our
thinking and about the thoughts/beliefs/perspectives of
others [Carrington and Bailey, 2009]. In adults, this net-
work involves the bilateral temporal-parietal junction (TPJ;
which includes the supramarginal and angular gyri and in
some studies, the inferior parietal lobule [IPL]), thought to

be involved in inferring the mental states of others, the
medial prefrontal cortex (mPFC) involved in integrating
and managing several representations, the superior tempo-
ral sulcus (STS) involved generally in recognizing social,
goal-directed motion [Schultz et al., 2004], and the tempo-
ral poles (TPs) involved in retrieving socially relevant
information [Olson et al., 2013].

In children, similar activations in the ToM network have
been reported. Kobayashi et al. [2007] found that adults
(1840 years) and children (8-12 years) elicited higher
activity in the TPJ bilaterally, the right IPL and the right
middle orbital gyrus on false belief tasks compared to the
non-ToM condition. Gweon et al. [2012] found activations
in children and adults in the TPJ bilaterally, the precuneus
and dorsal mPFC. In contrast, Saxe et al. [2009] found that
younger children (6-8 years) recruited the rTP] equally in
ToM and non-ToM conditions and older children recruited
the rTPJ only in the ToM condition, resembling activations
found in adults. These results suggested that regions
involved in ToM in adults are recruited in children, but
that an increased specialization of these ToM structures
occurs with age.

Event-related potential studies provide information
about the temporal sequence of activation in the ToM net-
work. Sabbagh and Taylor [2000] found left frontal activa-
tions in a false belief condition from 300 to 400 ms.
Meinhardt et al. [2011] compared false and true belief and
found an increased frontal late slow wave (adults: 600-900
ms; children: 750-1,450 ms) and a late positive complex
similar to the P3 component associated with activity in the
TPJ (adults and children: 300-600 ms). Other studies
report similar findings in false belief tasks [Liu et al., 2004,
2009], but source localization from EEG recordings is less
precise as the signal is distorted by conduction through
brain tissue, skull and scalp.

In contrast, magnetoencephalography (MEG) measures
the magnetic signal produced by neuronal currents, which
is not distorted during volume conduction, and can pro-
vide both millisecond temporal information accompanied
with millimetre spatial resolution, comparable to fMRI
[Hari et al., 2000; Hari and Salmelin, 2012]. Vistoli et al.
[2011] measured intention attribution using MEG in adults
and found that from 200 to 600 ms, the rIPL, rSTS, and
r'TPJ] were recruited. Our group [Mossad et al., 2016] used
a false belief task to measure ToM and found that, adults
recruited the rTPJ (150225 ms), the right precuneus
(275-375 ms), the right inferior frontal gyrus (IFG, 200-300
ms), and the superior frontal gyrus (SFG, 300-400 ms).

To date, the neural underpinnings of ToM have not
been investigated in VPT populations. In the current
study, we used MEG to determine the spatial-temporal
trajectory of ToM in VPT and FT children, and whether
there were differences in neural, behavioral, and neuro-
psychological measures of ToM between groups.

Based on the findings from Kobayashi et al. [2007] and
Moriguchi et al. [2007] regarding a similar pattern of
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TABLE I. Demographics of VPT and FT born groups

VPT FT
n 24 24
Age (years) Mean = SD 103 1.7 10.3+1.8
Range 7-12 7-13
Sex Male: Female 12:12 12:12 ¥’(1)=0 P=
Handedness Right: Left 20:4 23:1 Y’(1)=0 P=0.15
Birthweight (g) Mean + SD 1162.8 + 326.4 —
Gestational age (wk) Mean = SD 284+2.1 > 40
n 10 11

Mother’s education
Father’s education

Post-secondary
Post-secondary

Post-secondary
Post-secondary

activations between children and adults on ToM tasks, we
predicted activations in the ToM network in FT born chil-
dren. We expected that the temporal trajectory would fol-
low previous studies: early activations in sensory regions
corresponding to differences in contexts in the visual
scenes between false and true belief conditions, followed
by activations that correspond to the TPJ as early as 150
ms [Meinhardt et al., 2011; Mossad et al., 2016; Vistoli
et al., 2011], and finally, frontal regions including the rIFG
and mPFC would be involved in integrating discrepant
mental states [Meinhardt et al., 2011, Mossad et al., 2016].
This temporal trajectory converges with a mechanism of
false belief processing proposed by Samson et al. [2007]
and Le Bouc et al. [2012] that involves inferring another’s
perspectives as well as inhibiting one’s own perspectives.

Compared to their FT peers, we expected VPT children
to show reduced and/or delayed processing during the
false belief condition. Neuropsychological measures of
ToM and cognitive abilities may also elucidate any diffi-
culties observed in the VPT group [Anderson et al., 2011;
Jones et al., 2013; Nadeau et al., 2004].

METHOD
Participants

Children were recruited through records of preterm
birth of children who were transferred to the neonatal
intensive care unit at the Hospital for Sick Children (Sick-
Kids), Toronto, through advertisements in the hospital and
on social media websites for parents of children born pre-
term. Of the children contacted, the participation rate was
33%. Thirty-five VPT children (mean age =9.9 = 1.7 years)
born at <32 weeks GA were recruited. One child did not
complete the task. Two participants completed the MEG
task but performed at <60% on all task conditions and
eight participants were also excluded because of low accu-
racy on the false belief condition only. Thus, data from 12
females and 12 males born VPT (mean GA =284 =*2.06
weeks; mean birth weight=1,162.8 +326.4g), (mean

age =10.25*1.7 years, 20 right-handed) were analyzed,
Table I.

Fifty-three FT children were recruited through advertise-
ments around the hospital and through flyers posted in
local schools. Representativeness in this group is therefore
influenced by self-selection. Five children did not complete
the task. One child was excluded because of low accuracy
on all task conditions and seven were excluded because of
low accuracy on only the false belief condition (<60%). Of
the remaining children, 24 (mean age =10.25* 1.8 years,
23 right-handed) were matched for age (t=—0.002,
P =0.998) and sex (12 females and 12 males) to the VPT
born group.

Exclusion criteria included reports from parents on
uncorrected hearing or visual impairments, psychiatric or
neurological disorder, or standard contraindications for
neuroimaging studies. Our protocol was to exclude partici-
pants with standard scores <70 on a vocabulary test; none
needed to be excluded based this measure. Additionally,
we did not include VPT children with severe medical con-
ditions at birth such as grade 3 and 4 intraventricular hae-
morrhage. The protocol was approved by the SickKids
research ethics board. Written informed consent was
obtained from parents and verbal assent from children.
Children completed the study in one visit.

Procedure
Assessments

Neuropsychological measures were used to assess work-
ing memory and inhibition as these abilities are required
for success on many ToM tasks [Carlson et al., 2013;
Schaafsma et al., 2015] and are likely involved in our false
belief task. We used the forward and backward digit recall
subtests of the Working Memory Test Battery for Children
(WMTB) [Gathercole and Pickering, 2001] and the Inhibi-
tion subtest of the second edition of the Developmental
NEuroPSYchological Assessment (NEPSY-II) [Korkman
et al., 2007]. Children also completed the ToM subtest of
the NEPSY-II and the vocabulary and matrix reasoning
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Figure I.

The Jack and Jill task. Each trial consisted of two frames immedi-
ately followed by feedback. The first image is common between
all conditions showing Jack holding a ball over one of two hats
and Jill watching him. The second image presented one of four
conditions that differed on whether the location of the ball was
switched and whether Jill witnessed the ball drop. Children
responded to “Where does Jill think the ball is?” Inter-trial inter-
vals presented feedback with either a check mark “” for a

subtests of the Wechsler Abbreviated Scale of Intelligence
(WASI) [Wechsler, 2002]. Parents completed the Behavior
Rating Inventory of Executive Function (BRIEF) [Gioia
et al., 2003] to assess executive functioning.

Theory of Mind task

The Jack and Jill false belief task used for this study was
adapted from Dennis et al. [2012] for use in MEG. Images
were projected on the centre of the screen with a black
background at a viewing distance of 80 cm and subtended
6.8° of visual arc.

The task consisted of two images of cartoon drawings
presented in sequence, followed by an inter-stimulus inter-
val, in which feedback was provided on whether the child
responded correctly. The first image always included Jill
watching Jack hold the ball over a blue hat (50% of trials)
or a red hat (50% of trials). In the second image, Jack
switched the location of the ball (66% of trials) or dropped
it in the same hat (33%). For some trials (50%) Jill was pre-
sent to witness where the ball was dropped or she was
absent. This resulted in four different conditions: (1) An
Unwitnessed Switch (UWS) condition where Jill is absent
and does not see Jack switch the ball, (2) A Witnessed

correct answer or an “X” for an incorrect response. The ToM
contrast measured false belief understanding (Unwitnessed
Switched > Witnessed Switched) and the control condition mea-
sured differences related to Jill's absence (Unwitnessed Non-
switched >Witnessed Non-switched). Results are reported after
spatially excluding the control contrast from the ToM contrast
using a spatial mask.

Switch (WS) condition where Jill witnessed Jack switch the
location of the ball, (3) A Witnessed Non-Switch (WNS) con-
dition where Jill witnessed Jack drop the ball in the same
location, and (4) An Unwitnessed Non-Switch (UWNS) con-
dition where Jill is absent and does not see Jack drop the
ball in the same hat, see Figure 1.

False belief is measured in the UWS condition as Jill is
unaware that the ball has been switched and has a false
belief about the location of the ball. The other three condi-
tions of the task measure true belief as they present sce-
narios where Jill is either present to see where Jack drops
the ball (witnessed) or where Jack does not switch the ball
(non-switch conditions). We used the WS true belief condi-
tion to compare to the UWS false belief condition as it
shares the switch component and matches on the number
of trials. Hereinafter, we will use false belief and true
belief to represent UWS and WS conditions respectively.

Prior to acquisition in the MEG, two practice sessions
(40 trials) were conducted to ensure an understanding of
the task. Children responded to the test question “Where
does Jill think the ball is?” The MEG task was run until the
child responded on at least 300 trials (100 UWS, 100 WS,
50 UWNS, 50 WNS). Trials were randomized within and
between subjects. The software “Presentation” was used to
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project stimuli and record responses (Neurobehavioral
Systems, Berkeley, CA). Participants responded using a
button box, pressing left or right buttons, corresponding to
where Jill thinks the ball is.

Imaging acquisition

MEG data were recorded using a 151 channel CTF sys-
tem (Coquitlam, BC) in a magnetically shielded room at
SickKids. Data were recorded continuously with 600 Hz
sampling rate, 0-150 Hz bandpass, and third-order spatial
gradient noise cancellation. Children lay supine with their
head in the MEG helmet. Three fiducial coils placed at the
left and right pre-auricular points and the nasion were
used to determine head position in the MEG helmet and
to co-register each participant’'s MEG data with their ana-
tomical MRI. Data were acquired with continuous head
localization to track head movements.

A 3T Siemens Tim Trio MR scanner with a 12-channel
head coil was used to obtain T1-weighted MRIs with a 3D
MRPAGE sequence acquired sagittally: TR/TE = 2,300/
2.96 ms, a GRAPPA acceleration of 2, FA =9° 240 X 256
matrix, 192 slices, slice thickness of 1 mm isotropic voxels.
MRIs were used as anatomical underlays for the MEG
data for accurate source localization. A neuroradiologist at
SickKids reviewed the images to exclude those with signif-
icant brain abnormalities.

MEG Data: Preprocessing and Source
Reconstruction

Data were processed through SPM12 (Wellcome Depart-
ment of Imaging Neuroscience, London, UK) run in MAT-
LAB R2014b (The Mathworks, Natick, MA). First, data
were bandpass filtered from 1 to 50 Hz. As the four condi-
tions were presented in the second frame, data were
epoched 200 ms before the onset of the second image until
600 ms post stimulus onset. The 200 ms window presented
before the second image was baseline corrected. This
epoch (—200 to 600 ms) was chosen to avoid motor-related
effects as response times varied from 600 to 1,700 ms
across participants.

Trials were rejected if head motion exceeded 5 mm
within trials and 10 mm between trials. Artefacts related
to cardiac activity, eye blinks and eye movements, were
removed using the independent component analysis (ICA)
toolbox in FieldTrip [Oostenveld et al., 2011]. Trials that
exceeded a threshold of 2,500 fT were rejected and
removed. Trials within each condition were averaged for
each participant. Whole brain, sensor data were examined
and shown for a temporal electrode as an example, in Sup-
porting Information Figure S1.

The position of the three fiducial markers was identified
on each child’s MRI and these coordinates were used to
coregister the SPM12 cortical mesh template in Montreal
Neurological Institute Standard Space to the sensor space

[Mattout et al., 2007]. Forward computation of the gain
matrix of the lead field model [Nolte, 2003] used a single
shell head model. Sources of activation were reconstructed
by inversion of the forward model using Empirical Bayes-
ian Beamformer [Friston et al., 2006; Mattout et al., 2006].
Beamformer results were obtained for 19 time windows
from 100 to 600 ms with 50 ms sliding overlapping time
windows. Images were spatially smoothed with a 12 mm
full-width at half maximum of the Gaussian smoothing
kernel.

Statistical Analyses
Assessments

Independent samples t-tests were used to compare
group differences on the assessments. Data were analyzed
and corrected for multiple comparisons in SPSS [IBM
Corp., 2013].

Jack and Jill task: behavioral analyses

A repeated measures ANOVA was used to compare
accuracy and response times on false and true belief con-
ditions between VPT and FT children.

Jack and Jill task: MEG analyses

Resulting images associated with each condition and
time window were analyzed. To compute within group
differences, a group by condition factorial was used and
age and IQ were regressed out of the model to remove
their effects on brain differences. Two contrasts: (1) ToM:
UWS >WS (false belief >true belief) and (2) Control:
UWNS >WNS (non-switch true belief conditions) were
analyzed within each group. This control contrast was cre-
ated to exclude activations related to visual and attentional
differences related to Jill's disappearance in the second
image in the two unwitnessed conditions as well as the
ball switch in the two switch conditions. In addition to
visual differences between the unwitnessed and witnessed
conditions, there is an added working memory load in the
unwitnessed conditions where participants are required to
recall where Jill last saw the ball. Removing activations
related to these processes isolates activations related only
to false belief. Therefore, we masked out the Control from
the ToM contrast. We also measured group X condition
interactions.

RESULTS
Assessments

FT children had a mean IQ score in the high average
range (118.2 = 12.29) whereas VPT children scored lower,
but with a mean IQ score in the average range
(1094 £12.77;, t=—-243, Prpwg = 0.02). VPT children
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TABLE Il. Neuropsychological assessment results

Preterm-born children Term-born children P
n 24 24
WASI (Standard Scores)
Two-subtest 1Q 109.4 (12.8) 118.2 (SD 12.2) 0.019**
WMTB (Standard Scores)
Digit Recall 107.0 (SD 15.8) 109.9 (SD 20.5) 0.60
Backward Digit Recall 89.6 (SD 16.2) 99.3 (SD 18.3) 0.08
NEPSY
Theory of Mind (Raw) 22.8 (SD 2.7) 24.8 (SD 2.6) 0.017**
Inhibition (Scaled Score) 10.1 (SD 3.9) 10.0 (SD 3.2) 0.9
BRIEF (problems)
Inhibition Problems 48 (SD 10.2) 44.3 (SD 6.7) 0.1
Working Memory Problems 51.6 (SD 9.5) 45.9 (SD 7.5) 0.03**

**Pcorrected <0.05.

performed more poorly on the ToM subtest (f= —2.49,
Prwg = 0.02). However, these differences were not reflected
in measures of executive functioning such as working
memory (backward digit recall; t=-1.9, P=0.08) or
inhibitory control (t= —0.12, P=0.9). VPT children were
rated as having more working memory problems com-
pared to FT children (P = 0.03) but not inhibition (P =0.1),
see Table II.

Jack and Jill Task: Behavioral Results

There were no significant condition x group interactions.
Across groups, mean accuracy in the false belief condition
(UWS) was significantly lower (Mean =72%) than the
three other conditions (WS, Mean=286%, P <0.001,
UWNS, Mean =88%, P <0.001, and WNS, Mean = 96%,

significantly higher than the WS (P<0.001) and the
UWNS (P <0.001).

A similar pattern in performance was observed for
response times. Although controls were generally faster
than preterm born children in responding, the two groups
were not significantly different. Across groups, mean
response time was significantly higher in the false belief
condition (UWS, Mean=1.05 s, SD=0.2 s) compared to
the WS (Mean=0.987 s, SD=0.18 s, P <0.001), UWNS
(Mean=0.995 s, SD=0.256, P=0.002) and WNS
(Mean =0.834 s, SD =0.20 s, P < 0.001); see Figure 2.

Jack and Jill Task: MEG Results

Coordinates for significant brain activations in the false
belief greater than true belief are listed in Tables S1-52 in

P <0.001). Accuracy on the WNS condition was Supporting Information.
OVPT BFT OVPT ®FT

1.4
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Figure 2.

Accuracy and response times in the false belief condition and the three true belief conditions
across VPT and FT born children. Overall, performance was significantly worse (lower accuracy
and higher response time) on the false belief condition across both groups.
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Summary of activations within FT and VPT born children in false belief > true belief, from 100 to

600 ms.

Within-group differences in FT and VPT children

The brain regions were identified using the AFNI atlas
[Cox, 1996]. Activations within the FT and VPT groups
encompassed occipital, temporal, parietal and frontal
regions from 100 to 600 ms, Figure 3 and between group
differences are shown in Figure 4. We found significantly
different activations between the false and true belief con-
ditions and reported activations that were significant at
PrwEcorr < 0.05 to P <0.003.

Common activations. A number of occipital, temporal,
and frontal areas showed significantly greater activity in
the false belief >true belief conditions in both groups.
These included the left and right calcarine starting at

100 ms and fusiform gyri starting at 150 ms, the right IFG
at ~250-350 ms, the inferior temporal gyri at ~300-450
ms. Although the activations differed slightly between
groups, they were most often similar in timing and
location.

Unique activations. More interesting in terms of the
research question, there were also brain regions more
active in the false than true belief conditions in only one
or the other of the two groups. Within the VPT group,
these activations were in the left superior parietal lobule
from 175 to 225 ms then 250 to 325 ms (P = 0.002) and the
left supramarginal gyrus from 500 to 575 ms.

Within the FT group, these unique activations included
frontal regions: the left inferior frontal (100-150 ms,

¢ 5583 ¢



¢ Mossad et al. ¢

200-300ms |

300-400ms |

400-500ms |

Right temporal
parietal junction
Right
fusiform

Between Group differences:
FT>VPT

Right inferior
frontal gyrus

Right middle
temporal gyrus

|
p=0.003 PeureseiS0.05
Figure 4.

Between group differences in the false belief condition from 100 to 500 ms in FT > VPT.

P=0.002), left middle frontal gyrus (175225 ms,
P=0.003), and right middle frontal gyrus (175-325 ms,
P <0.003). We also found differences in the FT group in
the left fusiform gyrus (250-350 ms, Prwg=0.02), the right
inferior temporal gyrus (300-375 ms, Pgyg=0.04), the
right middle temporal gyrus (275-375 ms, P <0.001), the
left inferior occipital gyrus (450-500 ms, P =0.003), and
the right IPL (475-575, P=0.003). Thus, the FT children
showed more widespread activity during false belief proc-
essing, including frontal, temporal and posterior areas.

Condition X group interactions

We also analyzed between group differences (FT vs.
VPT) across the two conditions (False vs. True belief). We
found that the FT group showed significantly greater
activity than the VPT group in the false belief condition in
the right IFG from 275 to 325 ms (P <0.003), the left fusi-
form gyrus (225-275 ms, P <0.001), the right fusiform
gyrus (200-250 ms, P < 0.001), and the right middle tempo-
ral gyrus (400475, P <0.002). Other regions included the
right middle occipital gyrus (200-250 ms, P =0.003), the
left middle occipital gyrus (325-375 ms, P =0.003), and
medial occipital regions such as the right lingual gyrus
(225-325, P <0.003). It is noteworthy that 41 voxels corre-
sponding to the angular gyrus (rTP]) were recruited only
in the FT group in the false belief compared to the true
belief condition from 375 to 425 ms, P = 0.006, but did not
pass threshold for correction.

DISCUSSION

This study is the first to examine both spatial and tem-
poral activations related to ToM in VPT children. Specifi-
cally, we investigated how VPT children reason about
others” mental states using a false belief task. Our findings
point to a less distributed pattern of activation in VPT chil-
dren during ToM processing as well as a decreased

activation in ToM regions compared to their FI peers.
MEG localization results in the FT group converge with
those previously reported in the literature and we offer
implications regarding the mechanism of ToM.

Variability in Performance on Behavioral ToM
Tests in VPT Children

We found no differences in inhibition between groups.
On a measure of working memory, the VPT children per-
formed worse and the difference was borderline signifi-
cant. When executive functioning abilities were assessed
on a parent questionnaire (BRIEF), parents showed that
both groups had a comparable number of problems relat-
ing to inhibition but VPT children had significantly more
problems in working memory. Deficits in executive func-
tioning have been reported in VPT populations [Aar-
noudse-Moens et al., 2011] and other evidence suggests
that with older children who had been born very prema-
turely, differences in those cognitive domains become
apparent on tasks with increased executive functioning
demands [Wehrle et al., 2016].

We found the expected group differences in perfor-
mance on a ToM test from the NEPSY-II. Williamson and
Jakobson [2014] used a non-verbal measure of ToM and
found that children born preterm attributed intentions less
accurately than their FT peers. It has been debated
whether deficits in executive functioning contribute to def-
icits in ToM or simply co-occur. Some studies report no
differences in executive functioning in VPT compared to
FT children [Degnan et al., 2015; Taylor et al., 2012] while
others do [Anderson and Doyle, 2003; Duerden et al.,
2013]. Our findings support the viewpoint that intact exec-
utive functioning skills, such as inhibition are not suffi-
cient for an intact ToM ability [Mahy et al., 2014].

The results of the Jack and Jill task reflect the increased
cognitive load required for success on false belief condi-
tions, as suggested by Wellman et al. [2011]. Across
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groups, accuracy was lower and response times larger on
false belief than true belief conditions. The lack of differ-
ence in performance between groups contrasts with the
difference in performance on the ToM task on the NEPSY-
I that involved a variety of contexts requiring ToM proc-
essing. It is possible that with practice on the MEG task,
VPT children were able to perform within a range that is
similar to their FT peers. However, practicing false belief
scenarios is not often possible during daily social interac-
tions, therefore performance on the NEPSY-II ToM subtest
may be more predictive of real situations. Although
behavioral performance was not significantly different
between groups on the false belief task, the pattern of neu-
ral processing was different between groups.

ToM Regions Are Differentially Activated in VPT
Children

Certain regions in the ToM network are known to be
domain general, that is, brain regions that are recruited
during ToM as well as with other cognitive processes.
Others have argued that regions such as the rTPJ are selec-
tive for ToM processing [Saxe and Wexler, 2005]; we dis-
cuss these issues in detail below, focussing on the various
regions implicated in ToM.

Right inferior frontal gyrus

Previous studies have shown that intact executive func-
tioning skills are required for developing false belief
understanding, and of those skills, inhibition was the most
correlated with ToM abilities [Rothmayr et al., 2011]. Van
der Meer et al. [2011] showed that the rIFG was domain-
general by testing participants using videos of false belief
scenarios and a response inhibition task. Although some
regions were specific to ToM processing, the bilateral IFG
were recruited in both tasks. In the present context, the
rIFG was involved as participants inhibited their own
beliefs to understand Jill’s. The timing of activation of the
rIFG in both groups (VPT: 275-350 ms, FT: 250-375 ms)
overlapped but occurred slightly later than timing previ-
ously reported in an MEG study using the current false
belief paradigm in adults (200-300 ms) [Mossad et al.,
2016]. The timing of the rIFG also overlapped with studies
focusing specifically on inhibition (230-260 ms) [Vara
et al.,, 2014; Vidal et al., 2012] that included adolescents
and adults. Our findings point to a reliable rIFG activation
during false belief reasoning that occurs at 250 ms reflect-
ing the inhibition of one’s own mental states (beliefs). Inhi-
bition is a skill that was not impaired in our sample of
VPT children and correspondingly, we did not find differ-
ences in neural processing.

Temporal-parietal junction

The junction of the IPL, the supramarginal and the right
angular gyrus forms this region. Comparing the two

groups, we found that the rTP] (right angular gyrus) was
recruited in the contrast FT > VPT from 325 to 375 ms, at
P =0.006. Within the FT group, the rIPL was recruited
(from 475 to 575 ms) and within the VPT group, the left
supramarginal gyrus from 500 to 575 ms. TPJ recruitment
has been extensively reported in false belief conditions
[van Veluw and Chance, 2014]. Kobayashi et al. [2007]
reported bilateral TPJ in children for inferring the beliefs
of others, as did Gweon et al. [2012] who found TPJ acti-
vations in children on a ToM compared to a non-ToM con-
dition. These fMRI studies suggest that typical processing
of the mental states of others uses processes that are simi-
lar in children and adults. In a prior study using the same
Jack and Jill paradigm in adults, we found that the right
angular gyrus was recruited from 150 to 225 ms. There-
fore, in this study the rTPJ] was recruited later in children
than previously reported.

The lateralization of the TP] activity is variable across
studies, with some reporting right (false vs. true belief)
[Sommer et al., 2007], left (ToM vs. non-ToM) [Kobayashi
et al., 2007] as well as bilateral TPJ activations [false belief
vs. false photograph, Dodell-Feder et al., 2011 and Aich-
horn et al., 2009; false belief vs. physical stories, Gobbini
et al., 2007; ToM vs. non-ToM, Saxe and Kanwisher, 2003].
We found that VPT children recruited the left, and FT chil-
dren recruited the right TPJ. Saxe et al., [2009] showed
that with age, children selectively recruit the rTPJ in a
ToM compared to a non-ToM condition, whereas younger
children recruited both the rTPJ] and ITPJ]. It is possible
that VPT children would recruit the rTPJ if tested later in
development. The right hemisphere dominance in activa-
tions in the FT children is consistent with the right hemi-
sphere dominance we found with this task in adults
[Mossad et al., 2016].

The exact role of the rTPJ in false belief and ToM is still
debated. Mitchell [2008] argues that the rTPJ is not specific
to ToM but also involved in reorienting attention to visual
stimuli. Rothmayr et al. [2011] propose a possible func-
tional distinction between the dorsal and ventral TPJ,
where the ventral region of the left TP] was exclusively
recruited for false belief reasoning whereas the dorsal
region was recruited for both false belief and an inhibition
task. Others have suggested that the TPJ is involved in
updating one’s “mental model” [Meinhardt et al., 2011]—
that a false belief condition would cause a larger change in
the mental model (discrepant mental states) compared to a
true belief context and therefore the TP] would be more
highly involved.

Middle frontal gyrus

We found greater rMFG activity in the false belief than
true belief condition in the FT group from 175 to 325 ms.
The rMFG is a domain general region that is activated
across different tasks. Rothmayr et al. [2011] showed that
the rMFG was involved both in an inhibition and a false
belief task and suggested that it has a role in working
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memory. Other fMRI studies show that the MFG is related
to spatial working memory processing, storing information
[Leung et al., 2002] and in orienting attention [Japee et al.,
2015]. In our task, it is difficult to dissociate whether the
rMFG was involved in working memory processes related
to trying to recall where Jill last saw the ball or re-
orienting to Jill's disappearance from the scene. We
included a control condition in our analysis to exclude
activity related to working memory and attention but this
region survived this manipulation. As the rMFG is func-
tionally connected in networks like the ventral attention,
dorsal attention, and ToM networks, a connectivity analy-
sis of this node may provide more information about its
function during this task.

Inferior temporal and fusiform gyri

The inferior temporal and fusiform gyri have been
reported in false belief tasks [Schurz et al., 2014], while
Sabbagh et al., [2009] reported that resting state activations
in the inferior temporal and fusiform gyri were positively
related to false belief performance. We found that both
groups recruited the fusiform gyri and then the inferior
temporal regions. Evidence suggests that the anterior
aspects of the temporal lobe are involved in representing
and retrieving information about a person’s social traits
and concepts [Olson et al., 2013]. Gainotti [2015] proposed
that the right anterior temporal lobe is involved in repre-
senting non-verbal, social information while the left is
involved in lexical representations. Subsequently, our
results suggest that both groups processed the task as
involving social information, but the FT also used
language-related representation.

Occipital activations

We found that a number of occipital regions were
recruited more in false belief compared to the true belief
condition in both groups from 100 to 400 ms. We found
similar occipital recruitment when we compared the two
groups, but the regions were only recruited in the contrast
FT > VPT. Sabbagh et al. [2009] found similar activations
in the middle occipital gyrus and the cuneus and that per-
formance on a ToM task was correlated with the cuneus
activation. These differences in the occipital lobe were also
reported in adults doing the same task [Mossad et al.,
2016]. Others have also argued that the cuneus is involved
in mental imagery, which is required in the false belief
condition to reimagine Jill and her perspective of the loca-
tion of the ball [Kosslyn et al., 1999; Sabbagh et al., 2009].

Our findings provide early evidence for atypical ToM
processing in school age VPT children. However, it is
important to consider some methodological limitations in
this study. As it was important to exclude participants
with severe brain injury to establish a benchmark for how
VPT children without serious medical conditions process
ToM information, our sample was only representative of

those preterm children [Manuck et al., 2016]. A conse-
quence was the observed average IQ and unimpaired
executive functioning abilities, in the VPT children, which
is in contrast to the literature showing impairments on
average in this population. In the future, preterm children
with severe medical conditions at birth should be included
and compared to those without. Another possible method-
ological constraint is low power. Although future studies
should focus on increasing the sample size, when neuro-
psychological results were re-analyzed with a larger sam-
ple (with 10 extra participants in each group who were
excluded due to the neuroimaging portion), we found that
results were stable. Only the group differences on the
backward digit recall subtest went from not significant
(P =0.08) to significantly different (P = 0.02).

SUMMARY AND CONCLUSION

VPT birth (<32 weeks gestation) introduces numerous
stressors at birth and throughout development that
increase the risks for cognitive and social difficulties [Aar-
noudse-Moens et al., 2015; Jones et al., 2013; Kuzniewicz
et al., 2014] compared to FT born individuals. Although
the neural bases for the cognitive and psychiatric problems
are beginning to be studied, very little is known about
how neural processing atypicalities can lead to the socio-
cognitive difficulties. ToM ability develops from preschool
into adulthood and improvements are thought to depend
on continued maturation and specialization of the ToM
network [Apperly et al., 2004; Gweon et al., 2012; Sabbagh
et al.,, 2009] as well as mastery of other abilities such as
executive functioning, language and emotion processing
[Schaafsma et al., 2015].

Deconstructing ToM into subcomponent processes helps
define the necessary skills that must develop before ToM
ability can fully emerge. In general, the pattern of activa-
tion in the preterm group can be described as (1) fewer
differences between false and true belief conditions and
(2) less distributed pattern of activation, involving fewer
and mainly left lateralized activations. Our findings
occurred within the time windows from previously
reported MEG and EEG ToM studies (100-600 ms, com-
pared to 200-600 ms in Vistoli et al. [2011] and 100-400 ms
in Mossad et al. [2016]. The pattern of activation in both
groups began early on, in occipital regions, then the IFG
was recruited, and finally, the TPJ was recruited in the last
time window, 500-600 ms. Two differences regarding the
TPJ emerge; first that the TPJ is recruited later in FT chil-
dren compared to adults [Mossad et al., 2016] reflecting an
increase in the cognitive resources required to update their
mental states of Jill's false belief. Second, FT children
recruit the rTP] more than VPT in false belief when the
groups are compared. Future studies could examine the
TPJ across various cognitive tasks to differentiate the neu-
rocognitive function of anatomically distinct regions of
the TPJ.
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Researchers have suggested that ToM processing
requires (1) a mental representation of reality, (2) mental
representation of oneself and others’ beliefs, and (3) inhibi-
tion of own beliefs [Le Bouc et al., 2012]. Our findings sug-
gest that, after inhibiting one’s own beliefs, children
recruit the TP] about 100 ms later to enable them to suc-
ceed in inferring others’ beliefs. Therefore, we suggest that
in children, an additional recruitment of the TPJ is
involved in false belief understanding after inhibition.
Future studies should examine whether VPT children
retain this pattern of ToM processing throughout develop-
ment and whether ToM training [e.g., Lecce et al., 2014]
can evoke recruitment of the rTP] in VPT children in false
belief, as observed in FT children and adults, as well as
improve performance on standardized measures of ToM.
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